Whether elevated serum uric acid levels (sUA) predict renal dysfunction remains controversial in the elderly. Therefore, we investigated the association between SUA and early renal function decline defined as an estimated glomerular filtration rate (eGFR) reduction ≥30% over 2 years. Older adults constitute the fastest-growing population of kidney diseases. Among individuals aged ≥65 years, chronic kidney disease (CKD) is a rather common disease, which affects 35% to 44% of the older people 1,2 . Mounting evidence has indicated that the elderly are at higher risks for CKD occurrence and progression, and early progressive renal function decline contributes to multiple serious adverse events, including cognitive impairment, end-stage kidney failure, cardiovascular disease and death 3, 4 . Therefore, timely recognition of those older people at-risk for early renal function decline provides opportunities for prevention and treatment of adverse outcomes 5 . Traditional approach using a doubling of serum creatinine concentration (corresponding to a reduction of estimated glomerular filtration rate [eGFR] of 57% or greater) to document renal progression is a late event which precludes timely intervention 6 . A lesser reduction (≥30%) of eGFR over 2 years is a novel validated definition for early renal function decline and has been positively acknowledged as a surrogate endpoint of end-stage renal disease in clinical research [6] [7] [8] . Identification of predictors for early renal function decline defined as the eGFR decline ≥30% will help further promptly detect and treat older people at risks for advanced renal impairment.
Older adults constitute the fastest-growing population of kidney diseases. Among individuals aged ≥65 years, chronic kidney disease (CKD) is a rather common disease, which affects 35% to 44% of the older people 1, 2 . Mounting evidence has indicated that the elderly are at higher risks for CKD occurrence and progression, and early progressive renal function decline contributes to multiple serious adverse events, including cognitive impairment, end-stage kidney failure, cardiovascular disease and death 3, 4 . Therefore, timely recognition of those older people at-risk for early renal function decline provides opportunities for prevention and treatment of adverse outcomes 5 . Traditional approach using a doubling of serum creatinine concentration (corresponding to a reduction of estimated glomerular filtration rate [eGFR] of 57% or greater) to document renal progression is a late event which precludes timely intervention 6 . A lesser reduction (≥30%) of eGFR over 2 years is a novel validated definition for early renal function decline and has been positively acknowledged as a surrogate endpoint of end-stage renal disease in clinical research [6] [7] [8] . Identification of predictors for early renal function decline defined as the eGFR decline ≥30% will help further promptly detect and treat older people at risks for advanced renal impairment.
Uric acid, the final product of purine degradation in humans, has been proposed to play pathophysiologic roles in renal diseases through inducing endothelial dysfunction and activating renin-angiotensin-aldosterone Scientific RepoRts | (2019) 9:980 | https://doi.org/10.1038/s41598-018-37529-z system 9 . Experimental studies indicate that hyperuricemia causes primary renal arteriolopathy in normal rats and accelerates progression of renal disease in the rat remnant kidney model [10] [11] [12] . Epidemiological studies also highlight that an elevated serum uric acid (SUA) level is associated with the development and progression of CKD in the middle-aged adults [13] [14] [15] [16] [17] . Nonetheless, whether hyperuricemia predicts deterioration of renal function in elderly population remains controversial [18] [19] [20] [21] . Earlier studies suggest that elevated SUA levels are independently associated with a decline in eGFR of ≥3 mL/min/1.73 m 2 per year in community-based healthy elderly cohorts 18, 19 . Altemtam et al. also reported that baseline hyperuricemia independently predicted a faster renal progression of eGFR decline >2 ml/min/1.73 m 2 per year in 270 elderly patients with stage 3 or 4 diabetic CKD 20 . By contrast, Nacak et al. recently found that SUA levels were not associated with the decline in renal function in stage 3 to 5 CKD patients 21 . These contradictory results may be ascribed to the different definitions of renal progression and reference SUA levels, relatively small sample size, varying characteristics of study population, and unequal statistical adjustment for confounders [18] [19] [20] [21] . Several important confounding factors including smoking 21 , alcohol consumption [18] [19] [20] [21] , history of cardiovascular diseases 18, 19 , and fasting glucose levels [19] [20] [21] are not fully adjusted previously. Furthermore, the reference SUA levels among these studies are unequal and most studies categorize participants by quantiles, 18, 19 which markedly limit the comparability and clinical applicability. Till now, there is no study identifying a threshold SUA level beyond which the risk of renal progression increases in the elderly population.
Therefore, the present study aimed to explore whether hyperuricemia independently predicted early renal function decline by utilizing a well-validated novel endpoint of eGFR decline ≥30% in a large community-based elderly cohort. We also intended to determine the range of optimal SUA levels with least risks of deteriorating renal function among older people.
Methods
Data source. The present study was based on a large, well-characterized Taiwanese longitudinal community-based cohort of older people from the Taipei City Elderly Health Examination Database [22] [23] [24] , which contained health examination data for citizens 65 years or older since 2001, when the Taipei City Government launched an annual, free-of-charge, comprehensive health examination program to promote the health of senior citizens 25 . The accuracy of the Taipei City Elderly Health Examination Database was audited by Department of Health, Taipei City Government and the cohort has been validated previously 22, 23 . Detailed information regarding height, weight, blood pressure, and prior medical history were recorded at the examination. Demographic data like age, gender, marital status, education levels, smoking history, alcohol consumption, and medical history including hypertension, diabetes mellitus, coronary artery disease and cerebrovascular disease, were collected through a self-administered questionnaire. Overnight fasting blood was collected for the measurement of complete blood count, glucose, triglyceride, total cholesterol, high-density-lipoprotein cholesterol, albumin, blood urea nitrogen, creatinine, and SUA. The SUA level was assayed by the colorimetric uricase-peroxidase system 26 . A semiquantitative (negative, trace, 1+, 2+, 3+, 4+) urine dipstick test for albuminuria was also performed. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was used to calculate eGFR, which more accurately estimates GFR and predicts the risks of end-stage renal disease and mortality than the Cockcroft-Gault and Modification of Diet in Renal Disease Study equations 27, 28 . All participants provided informed consent authorizing the Taipei City Government to process the health examination data for research purposes. Detailed information on the health examination data is stored centrally in the Taipei City Elderly Health Examination Database and is de-identified before release to protect the privacy. The present study was approved by the institutional review board of the Taipei City Hospital (TCHIRB-1010323-E and TCHIRB-1030601-W).
study Design and participants. The study cohort comprised older adults participating in the Taipei City Elderly Health Examination Program with follow-up laboratory data from 2001 to 2010. Participants with repeated measurement of renal function were initially screened (n = 56,062). We excluded participants with missing measurements of SUA (n = 51), with the history of end-stage renal disease (n = 1,629), or with extremely low SUA levels (<2 mg/dL, n = 186) that could possibly be attributed to hereditary renal hypouricemia 29 . Those with follow-up periods less than 2 years (n = 2,854) or without regular follow-up (n = 7,264) were also excluded. Finally, 44,078 older people were enrolled in the present study. To identify the optimal range of SUA levels with the least risks for early renal function decline, eligible participants were further classified by 1-mg/dL increment of SUA and participants with the SUA of 5.0-5.9 mg/dL were set as the reference group, because the relation between SUA levels and new-onset kidney disease has been observed in those with SUA levels more than 6.0 mg/ dL in the general population 13 . study outcome and Follow-up. The study outcome was early renal function decline defined as the occurrence of ≥30% reduction in eGFR. Percent change in eGFR was calculated as (last eGFR at the follow-up period -baseline eGFR)/(baseline eGFR) × 100% 6, 8 . All participants were followed until death or December 31, 2010, whichever occurred first.
statistical Analysis. Categorical and continuous variables were expressed as percentages and median (interquartile range), respectively. Between-group comparisons were made by the Kruskal-Wallis test or Pearson χ 2 test where appropriate. Multivariable logistic regression was used to assess the association between baseline SUA levels and the study outcome because the original definition of early renal progression proposed by Coresh et al. is calculated at the end of a 2-year follow-up 6 . Covariates including age, sex, body mass index, smoking, alcohol consumption, systolic and diastolic blood pressure, hypertension, diabetes mellitus, dyslipidemia, coronary artery disease, cerebrovascular disease, baseline kidney function, plasma total cholesterol, triglyceride, high-density lipoprotein-cholesterol, hemoglobin, glucose, white blood cell count, and albumin were adjusted. Missing data of a certain baseline biochemical variable was replaced with the mean value of the same variable. As SUA levels are inversely correlated with baseline kidney function, we also examined the predictive effect of SUA levels on eGFR decline in pre-specified stratified analyses according to baseline kidney function (eGFR >90, 60-90, 45-60 and <45 mL/min/1.73 m 2 ). Consistency of the predictive effect of SUA levels on eGFR decline was further assessed in the subgroups based on age (<80 years and ≥80 years), gender, hypertension, diabetes, and coronary artery disease. Potential interactions between SUA levels and subgroups were explored by the likelihood ratio test. To further test the robustness of our findings, sensitivity analyses by assessing the association between SUA levels and the eGFR decline ≥30% over 1-year, 3-year, and 5-year follow-up periods, changing the threshold of eGFR decline to 40%, regrouping the participants into SUA deciles, and excluding participants who had albuminuria or baseline eGFR <60 mL/min/1.73 m 2 , participants who took urate-lowering agents, or participants who had missing value of other baseline biochemical covariates, were also performed. A cubic spline model was also constructed to describe the continuous association between SUA levels with early renal function decline, with three knots defined at SUA of 4.0 mg/dL, 6.0 mg/dL and 8.0 mg/dL. To further validate the association between hyperuricemia and early renal function decline, time-to-event analyses including Cox proportional hazards regression and competing-risk analysis by the Fine-Gray model, treating death as a competing risk event were also tested. In these time-to-event analyses, the study outcome was defined as an eGFR decline ≥30%. A two-tailed p value < 0.05 was considered significant. All analyses were conducted using the statistical software Stata (version 13.0; Stata Corp., College Station, TX). Figure S1 , Table 1 ). The median age of the study cohort was 71 (interquartile range, 9) years with 52.6% being male. Compared to the reference group (SUA level: 5.0-5.9 mg/dL), increasing SUA levels were associated with the higher age, body mass index, systolic and diastolic blood pressure, fasting plasma glucose and triglyceride levels, leukocyte count, and the percentage of male gender, smoking, alcohol use, hypertension, coronary artery disease, and cerebrovascular disease, but with lower baseline eGFR and high-density lipoprotein cholesterol levels ( Table 1) .
Results
Association between SUA levels and the risk of ≥30% eGFR decline in the elderly. There were 1190 participants who experienced early renal function decline with a ≥30% reduction in eGFR over 2 years. In multivariable analyses, hyperuricemic older people had increased risks for early renal function decline, starting at SUA ≥6.0 mg/dL (adjusted odds ratio [aOR] = 1.21, 95% confidence interval [CI] = 1.00-1.45), after adjustment for 20 demographic and clinical variables (Table 2) . Notably, the risks for eGFR decline paralleled the increasing SUA levels with the highest risk in SUA group ≥ 10 mg/dL (aOR = 3.35, CI = 2.45-4.59). Remarkably, low SUA levels <3.0 mg/dL were also associated with a higher risk of eGFR decline (aOR = 1.69, CI = 1.08-2.63). After adjusting for proteinuria (dipstick trace or ≥1 + ), hyperuricemia still significantly predicted higher risks for early renal progression (Supplemental Table S1 ). In attempt to further decipher whether hyperuricemia induced renal dysfunction, the association between SUA levels and eGFR decline ≥30% over 2 years was tested in the participants free from CKD. Hyperuricemia remained significantly associated with early renal function decline in the group excluding participants with positive proteinuria or baseline eGFR <60 mL/min/1.73 m 2 (Supplemental Table S1 ).
Hyperuricemia and the risk of ≥30% eGFR decline according to baseline renal function. As SUA levels are inversely correlated with baseline kidney function, we also examined the effect-modifying role of baseline eGFR on hyperuricemia-associated early renal function decline. In the strata of eGFR >90 mL/ min/1.73 m 2 (aOR = 3.05, CI = 1.84-5.04), 60-90 mL/min/1.73 m 2 (aOR = 1.77, CI = 1.37-2.28), and 45-60 mL/ min/1.73 m 2 (aOR = 2.47, C = 1.37-4.44), hyperuricemia was significantly associated with increased risks toward early eGFR decline once SUA levels exceeded 7.0 mg/dL. In the strata of baseline eGFR <45 mL/min/1.73 m 2 , risks of hyperuricemia-associated early renal function decline were significantly higher only when SUA levels surpassed 10.0 mg/dL (aOR = 1.96, CI = 1.02-3.79) (Fig. 1) .
In order to offer more insight on the association between SUA levels and early renal function decline, SUA levels were treated as continuous variables and analyzed by cubic spline models with the reference at SUA of 5.0 mg/ dL. Higher SUA levels were consistently associated with elevated risks of early renal function decline in the baseline eGFR >90, 60-90 and 45-60 ml/min/1.73 m 2 strata. The risks of eGFR decline started to significantly increase once SUA levels went beyond 6.0 mg/dL in the baseline eGFR >90 ml/min/1.73 m 2 strata, beyond 5.5 mg/dL in the baseline eGFR 60-90 ml/min/1.73 m 2 strata, and beyond 7.3 mg/dL in the baseline eGFR 45-60 ml/ min/1.73 m 2 strata (Fig. 2) .
Subgroup and sensitivity analysis of hyperuricemia-associated ≥30% eGFR Decline. In subgroups analyses, the association between hyperuricemia and early renal function decline remained consistent across all subgroups of interest. There was no significant interaction between SUA levels and subgroups on the risks of ≥ 30% eGFR decline over 2 years (Fig. 3) .
In the sensitivity analyses, where excluding participants taking urate-lowering agents or having missing baseline biochemical data, changing the threshold for eGFR to 40%, or re-grouping the participants into deciles, the associations between hyperuricemia and the risks of early renal function decline were consistently significant (Supplemental Tables S1-S3 ). In the time-to-event analyses, multivariable Cox proportional hazards regression analyses further confirmed that hyperuricemia was associated with 1.12-fold (95% CI = 1.03- 6.0-6.9 mg/dL) to 1.6-fold (95% CI = 1.37-1.86, SUA ≥ 10.0 mg/dL) higher hazards to develop early renal function decline. Competing-risk analyses also produced consistent results ( Table 3) . The independent association between hyperuricemia and early renal function decline remained consistent either assessing the ≥ 30% eGFR reduction over 1, 3, or 5 years of follow-up periods. However, hypouricemia with SUA levels <3.0 mg/dL was no longer significantly associated with the higher risk of ≥30% eGFR decline over 3 years (aOR = 1.22, 95% CI = 0.72-2.06) and 5 years (aOR = 1.37, 95% CI = 0.75-2.53) as compared to the reference group (Supplemental Tables S4-S6 ).
Discussion
To the best our knowledge, the present study is the largest study to date to examine the association between hyperuricemia and early renal function decline among older people. By utilizing a large population-based elderly cohort including 44,078 participants, our study found that hyperuricemia with SUA levels ≥6.0 mg/dL carried a significantly higher risk for early renal function decline in terms of eGFR reduction ≥30% over 2 years. Notably, the risk of hyperuricemia for early renal function decline elevated in parallel with increasing SUA levels. This independent association between hyperuricemia and early renal function decline was consistent across subgroups and remained robust in the sensitivity analyses. Previous studies regarding the prognostic role of SUA on renal function decline yielded conflicting results, which were partly attributable for differences in sample size and the degree of adjustment for possible confounding factors [18] [19] [20] [21] . Although most reports controlled age, sex, body Hemoglobin, g/dL 13.6 (1. weight, blood pressure, and baseline serum creatinine level, some investigators did not adjust for smoking 21 , alcohol consumption [18] [19] [20] [21] , history of cardiovascular diseases 18, 19 , and fasting glucose levels [19] [20] [21] . After fully adjustment for these confounding factors, our study confirmed that hyperuricemia independently predicted early renal function decline with a ≥30% eGFR decline over 2 years. In contrast to our findings, Nacak et al. did not find a significant association between renal function decline and the increase of SUA in stage III to IV CKD patients 21 . Our study indicated that hyperuricemia remained an independent predictor for early kidney function decline when SUA ≥7.0 mg/dL for those with baseline eGFR ≥45 mL/min/1.73 m 2 and when SUA ≥10.0 mg/dL for those with baseline eGFR <45 mL/min/1.73 m 2 even after extensive adjustment for possible confounding factors. This discrepancy may be explained by the relatively small patient number and absent adjustment of several confounders with kidney disease progression in Nacak's study 21 . Furthermore, some other previous studies examined the association between quintiles of hyperuricemia and renal function decline 18, 19 . This quantile classification approach is of less clinical applicability and also limited to unequal reference SUA levels 18, 19 . By contrast, our large-scale cohort study can determine the threshold of SUA level ≥6.0 mg/dL above which the risk for eGFR decline is increased. Figure 1 . Association between serum uric acid levels and risks of early renal function decline stratified by baseline estimated glomerular filtration rate (eGFR). Odds ratios were calculated by multivariable logistic regression after adjusting for 20 demographic and clinical variables. Serum uric acid levels of 5.0-5.9 mg/dL served as the reference group. Bars denote 95% confidence intervals. Table 2 . Incidence and risks of eGFR decline ≥30% over a 2-year follow-up period in older people.
a Adjusted for age, sex, body mass index, smoking, alcohol drinking, comorbidities and all biochemical data in Table 1 The present study also showed that hyperuricemia-associated higher risks for early renal function decline were consistently significant across different strata of baseline kidney function. SUA levels ≥7.0 mg/dL in older people with eGFR 45-60, 60-90 and >90 mL/min/1.73 m 2 were associated with higher chances for early renal function decline even after adjusting other risks factors for renal disease progression. In those with eGFR <45 mL/ min/1.73 m 2 , the risk of early renal function decline did not significantly increase until SUA levels exceeded 10.0 mg/dL. The higher SUA threshold for early renal function decline in the strata of eGFR <45 mL/min/1.73 m 2 may be explained by that advanced renal dysfunction often accompanies with an increasing prevalence of non-traditional cardiovascular risk factors such as chronic inflammation, oxidative stress and calcium-phosphate imbalance 30 . These non-traditional factors could also result in renal deterioration and attenuate the contribution of hyperuricemia. In accordance to our findings, Liu et al. recently discovered that increased SUA had a causal effect in the Chinese older people with eGFR ≥80 mL/min/1.73 m 2 by a Mendelian randomization approach 31 . Conversely, Hughes et al. found that increased SUA due to genetic variants of urate transporters was associated with improved renal function by utilizing a similar genetic statistical analysis 32 . Although Mendelian randomization is a valuable tool by using genetic variants as instrumental variables to test the causal relationship between SUA and eGFR change, this approach presumes that the genetic instruments should have strongly association with SUA levels, affect outcome solely through SUA, and have no association with known confounders 33 . The validity of genetic instruments was only partly verified in Hughes' study and potentially influenced the association between SUA and renal function 32 . It should be also noted that the cohort analyzed by Hughes et al. 32 were younger than ours. Clearly, further large-scale studies are still required to disentangle the causal mechanism between hyperuricemia and renal dysfunction. Taken together, our study provided important clinical insights that SUA levels ≥7.0 mg/dL in older people with eGFR ≥45 mL/min/1.73 m 2 and SUA levels ≥10.0 mg/dL in those with eGFR <45 mL/min/1.73 m 2 should prompt immediate surveillance of kidney function and management of eGFR decline.
Interestingly, in addition to hyperuricemia, low SUA levels <3.0 mg/dL were also associated with higher risks for early renal function decline in older people, suggesting a U-shaped association between SUA levels and eGFR decline. Increasing evidence has suggested that high eGFR is paradoxically associated with increased cardiovascular mortality, probably mediated by malnutrition 34, 35 . High eGFR value either indicates a true high GFR or low serum creatinine level. Both SUA and creatinine are markers for nutritional status 36, 37 . Malnourished people with both low SUA and creatinine levels can increase infection risks 38 , which probably accounts for higher risks of eGFR decline in our participants of low SUA levels and high eGFR.
The present study had several strengths. First, this is the first large-scale cohort study to examine the association of SUA levels with a novel validated renal endpoint in older people. Utilization of a 44,078-elderly cohort during a 10-year study period provided adequate statistical power. Second, by using a 1-mg/dL SUA increment to classify patients, our results were easily applied for daily practice to risk-stratify older patients. Third, we utilized the CKD-EPI equation, which provides more reliable estimation of renal function 2, 30 . Fourth, the independent Table 3 . Cox regression and competing-risk analyses for the risks of eGFR decline ≥0% over 2 years in older people.
a Adjusted for age, sex, body mass index, smoking, alcohol drinking, comorbidities and all biochemical data in Table 1 . Abbreviation: CI, confidence interval; eGFR, estimated glomerular filtration rate. SI conversion factors: To convert uric acid value to μmol/L, multiply by 59.485.
Scientific RepoRts | (2019) 9:980 | https://doi.org/10.1038/s41598-018-37529-z association between hyperuricemia and high risks for eGFR decline was ascertained in different statistical approaches including multivariable logistic and Cox regression, cubic spline model, sensitivity and subgroup analyses. Nonetheless, several potential limitations should be acknowledged. First, a single baseline SUA level was used to predict early renal progression. Second, albuminuria was determined by the semiquantitative dipstick analysis. However, positive (≥1 + ) and negative dipstick analyses have been reported to well correlate with a urine albumin-to-creatinine ratio ≥30 mg/g or <30 mg/g, respectively 39, 40 . Third, the hospitalized or institutionalized older people were not included. Fourth, the medical history of participants was obtained by self-reported questionnaires and information bias cannot be excluded. Nonetheless, agreement between self-reported and hospital-acquired medical record is found to be substantial for diabetes, hypertension, myocardial infarction and stroke 41 . Finally, all study participants were Taiwanese and the conclusions may not be generalized to other ethnicities.
Conclusion
The present study found that an SUA level ≥6.0 mg/dL was independently associated with early renal function decline with ≥30% reduction in eGFR over 2 years in the elderly. Our data provided the epidemiological evidence that hyperuricemia was an independent risk factor for early decline of kidney function in the older population. Stringent surveillance regarding renal progression should be performed in the older people with hyperuricemia.
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